The identification of the modes of action of bioactive compounds is a major challenge in chemical systems biology of diseases. Diseases are caused by dysfunction of the human biological system, which consists of genes, proteins, and pathways. Most drugs are bioactive compounds that modulate the activity of biological systems for the treatment of diseases. However, there are numerous bioactive compounds (including approved drugs) whose mechanisms are unknown. Drugs interact with target proteins implicated in a disease of interest and are indispensable for maintaining human physiology. However, drugs may interact not only with their primary target proteins but also with other proteins (off-targets) and thereby cause unexpected side effects[@b1][@b2][@b3]. Side effects derived from off-target interactions, although typically undesired, may occasionally enable new therapeutic indications[@b4][@b5][@b6] because different diseases often share same or similar pathogenic mechanisms. Therefore, understanding the complex responses of the human biological system to bioactive compounds is of vital importance in medical and pharmaceutical research.

Genome-wide expression profiling of transcriptional responses to compound treatment for human cell lines is a promising unbiased approach for exploring the modes of action of bioactive compounds. In recent years, chemically-induced gene expression data have become available via several public databases. A toxicogenomics project was conducted in Japan between 2002 and 2006, and the results are stored in the Toxicogenomics Project-Genomics Assisted Toxicity Evaluation system (TG-GATEs), where 170 compounds were used to perturb cell homeostasis *in vitro*[@b7]. In 2006, the Connectivity Map (CMap) database was constructed in the United States, storing the gene expression profiles of five cancer cell lines perturbed by 1,309 compounds[@b8]. These databases enable to relate compound activities with gene expression patterns.

A variety of pharmaceutical studies have been performed based on the transcriptome resources. A popular approach for drug repositioning based on CMap is to search for compounds whose gene expression patterns are inversely correlated with those of a disease of interest[@b9][@b10][@b11]. CMap data have been analyzed to evaluate the transcriptional similarity of drugs[@b12], and the transcriptional similarity has been used to predict the targets of drugs[@b13][@b14]. A module detection approach was used in efforts to detect drug-induced transcriptional modules that were conserved among different cell lines, as well as among different organisms[@b15], and a probabilistic approach was proposed for the information retrieval problem in CMap[@b16]. Normalization methods and gene selection procedures have been proposed to handle the batch effect problems in CMap[@b17][@b18][@b19][@b20]. However, the characteristics of cell-specific gene expression profiles and differences in gene expression profiles between cell lines have not been taken into account in these previous studies. In addition, the previous methods heavily depended on the coverage of drugs in CMap and the availability of gene expression data for diseases, which limit large-scale analyses.

Recently, the Library of Integrated Network-based Cellular Signatures (LINCS) L1000 data were established by the Broad Institute in the United States[@b21]. The LINCS database stores a huge number of gene expression profiles that include the transcriptomic responses of 77 human cell lines to various perturbations, including compound treatment, gene knockdown, gene overexpression, and several more interventions. For compound treatment, gene expression profiles are available for 20,413 compounds and 72 human cell lines, which are much larger than those available from CMap. Thus, the LINCS resources should be valuable for medical and pharmaceutical research, and there are some recent reports on the use of LINCS. For example, a normalization method specific to raw data within LINCS L1000 data was proposed[@b22], and a large-scale correlation analysis of chemical structures and gene expression profiles was performed[@b23]. There is therefore a strong incentive to develop computational methods to effectively use LINCS for a variety of pharmaceutical applications.

In this study, we developed a novel approach to elucidate the modes of action of bioactive compounds in a cell-specific manner using large-scale chemically-induced transcriptome data acquired from LINCS. We applied the proposed approach to 16,268 compounds and 68 human cell lines, which enabled the comprehensive prediction of active pathways, target proteins, and therapeutic indications of the compounds. We showed the usefulness of the proposed approach in terms of prediction coverage, interpretation, and large-scale applicability, and validated the new prediction results experimentally by an *in vitro* cellular assay. The approach has a high potential for advancing drug discovery and repositioning.

Results
=======

LINCS provides large-scale transcriptome data for compound activity
-------------------------------------------------------------------

We compared the statistics of the chemically-induced gene expression profile data contained within three different databases: TG-GATEs, CMap, and LINCS. [Supplementary Fig. S1](#S1){ref-type="supplementary-material"} shows a Venn diagram of the numbers of cell lines and compounds included in the three databases. In LINCS, we focused on gene expression data measured at 6 h after compound treatment. The numbers of cell lines included in TG-GATEs, CMap, and LINCS were 1, 5, and 68, respectively. Three human cancer cell lines (MCF7, PC3, and HL60) were used in both CMap and LINCS, and one primary hepatocyte was used only in TG-GATEs. The numbers of compounds included in TG-GATEs, CMap, and LINCS were 157, 1,133, and 16,268, respectively. Approximately 500 compounds were used in both CMap and LINCS. The numbers of cell lines and compounds used in LINCS were much larger than those used in TG-GATEs and CMap. This suggests the potential of LINCS for large-scale applications.

We analyzed control gene expression profiles, measured at 6 (6.4) h, of 68 human cell lines in LINCS by performing hierarchical clustering. [Figure 1a](#f1){ref-type="fig"} shows the clustering dendrogram of 957 control gene expression profiles, where multiple control profiles under different conditions were prepared for each human cell line. In contrast, [Fig. 1b](#f1){ref-type="fig"} shows the clustering dendrogram of 68 control gene expression profiles, where multiple control gene expression profiles were averaged into a single profile for each of 68 human cell lines. It can be seen that the same cell lines and similar cell lines from the same tissues tend to be closely located, while the cell lines from different tissues tend to be scattered and distantly located. For example, the cell lines used in CMap (i.e., MCF7, PC3, and HL60) were scattered and distantly located as well. These results suggest that gene expression profiles are highly variable among different cell lines and that it important to take into account cell-specific gene expression profiles.

An overview of the proposed approach
------------------------------------

We analyzed a set of chemically-induced gene expression profiles (referred to as "gene expression signatures" or "signatures" for short) in which each element of the signature is the logarithmic ratio of the gene expression measured after compound treatment to that measured in the control condition. Here, we present an overview of the proposed approach to elucidate the mode of action of a given bioactive compound based on its gene expression signature. The proposed approach consists of three steps: (i) identification of active pathways, (ii) prediction of potential target proteins, and (iii) prediction of new therapeutic indications. [Figure 2](#f2){ref-type="fig"} illustrates this approach.

[Figure 2a](#f2){ref-type="fig"} shows the procedure for identifying biological pathways in which the genes are activated or inactivated by a query compound. The upregulated and downregulated genes in the signatures are mapped onto many biological pathway maps, and the statistical significance of the enrichment of the regulated genes in each pathway is evaluated using a hypergeometric test.

[Figure 2b](#f2){ref-type="fig"} shows the procedure for predicting potential target proteins of a query compound. Transcriptional similarities are evaluated by calculating correlation coefficients between gene expression signatures in a cell-specific manner. A set of compounds with known target proteins, called "interactome compounds," is prepared in advance. If the query compound is transcriptionally similar to a set of interactome compounds, the query compound is predicted to have the same target proteins as the most similar compound.

[Figure 2c](#f2){ref-type="fig"} shows the procedure for predicting new therapeutic indications of a query compound. If the query compound is transcriptionally similar to a set of interactome compounds with known indications and shares the same target proteins with these interactome compounds, the query compound is predicted to have the same therapeutic indications as the most similar compound.

Identification of activated and inactivated pathways
----------------------------------------------------

Pathway enrichment analyses were performed on 16,268 bioactive compounds, and their pathway activities for 163 biological pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database[@b24] were inferred. [Figure 3a](#f3){ref-type="fig"} shows the distribution of pathways detected at a statistically significant level (*P* \< 0.05) for all compounds. Our analysis detected 119 unique pathways, but showed only top 30 pathways because of space limitation. Genes in a variety of pathways were activated or inactivated by the chemical perturbations. For example, genes in the NF-*κ*B signaling pathway (hsa04064) were frequently activated, and genes in the cell cycle pathway (hsa04110) were frequently inactivated. Genes in the NF-*κ*B signaling pathway were activated by many drugs, such as triamterene (D00386; a diuretic agent) and disulfiram (D00131; an alcohol deterrent agent); these activations were confirmed experimentally in ChEMBL assay 1613823. Many genes in the cell cycle pathway (hsa04110) (as shown in [Supplementary Fig. S2](#S1){ref-type="supplementary-material"}) were downregulated upon treatment with anti-cancer drugs, such as the drugs classified as "code L: anti-neoplastic and immunomodulating agents" in the Anatomical Therapeutic Chemical classification system (ATC code), and it is known that most anti-cancer agents interfere with cell proliferation by inhibiting the cell cycle machinery. However, terfenadine (D00521), which is a histamine H1 receptor antagonist, not an anti-cancer drug, significantly inhibits the growth of human cancer cells by inducing G(0)/G(1) phase cell-cycle arrest[@b25]. These observations indicate that our pathway enrichment analysis results are reasonable.

[Figure 3b](#f3){ref-type="fig"} shows the distribution of the numbers of pathways in which the genes were frequently activated or inactivated by each compound. Genes upregulated or downregulated by most compounds were significantly enriched in a limited number of pathways. This result implies that compounds acting on the same pathway may be good candidates for drug repositioning.

Next, we examined the relationship between the detected pathways and drug therapeutic categories, where drugs are a subset of all compounds in our dataset. [Figure 4](#f4){ref-type="fig"} shows the distribution of the drug classes on the basis of the first level of ATC code in the top-ranked detected pathways, and the detailed explanations on the ATC codes are shown in the figure caption. It was observed that some pairs of the detected pathways were highly associated with similarly classified drugs. For example, the genes in the steroid biosynthesis pathway (hsa00100) and those in the terpenoid backbone biosynthesis pathway (hsa00900) are regulated by similar drugs (ATC codes: A, C, D, L, N, P, and R); in particular, neurological agents tend to activate these pathways. Steroids in humans are biologically synthesized from terpenoid precursors, which suggests the validity of the similarity. The genes in the cell cycle pathway (hsa04110) and those in the oocyte meiosis pathway (hsa04114) are inactivated by similar drugs (ATC codes: J, L, N, and S). This result is reasonable because the two biological pathways are known to function similarly, to some extent. Also, it was observed that anti-neoplastic agents (ATC code: L) tend to activate the NF-*κ*B (hsa04064), TNF (hsa04668), and p53 signaling pathways (hsa04115) and inactivate the cell cycle pathway (hsa04110) and synaptic vesicle cycle pathways (hsa04721). The observations are reasonable from the viewpoint of the modes of action of anti-cancer drugs because the inhibition of cell growth and activation of tumor-suppressor genes, such as *p53*, are beneficial for the treatment of cancers. These results imply that the pathway enrichment analysis provides some clues for understanding the modes of action of bioactive compounds at the pathway level.

The number of compounds (drugs) are different between ATC codes. Compounds are not evenly distributed in the ATC codes in the original dataset published by WHO. For the bias problem, we attempted to use relative frequency (not absolute frequency by simply counting) for comparison between different ATC codes. The corresponding result is shown in [Supplementary Fig. S3](#S1){ref-type="supplementary-material"}, where color intensity indicates the relative frequency (the compound frequency was divided by the number of compounds in each ATC code). The same tendency was observed.

We performed the same analysis based on not only the KEGG Pathway database but also the REACTOME Pathway database[@b26]. We summarized the corresponding pathway enrichment analysis results in [Supplementary Figs S4, S5 and S6](#S1){ref-type="supplementary-material"}. The same tendency was observed.

Performance evaluation of target protein prediction
---------------------------------------------------

To test the ability of the proposed method to predict the target proteins of compounds, we performed the following fivefold cross-validation experiment using known compound--target interactions as gold standard data (see Methods). First, we randomly split the compounds in the gold standard data set into five subsets of roughly equal size. Second, we took each subset of compounds as test compounds and regarded the associated compound--target pairs as a test set. Third, we used the remaining four subsets of compounds as training compounds and regarded the associated compound--target pairs as a training set. Finally, we built a predictive model based on only the training set and used it to predict the targets of the compounds in the test set. This process was repeated four more times, each time using a different subset as the test set. We then evaluated the prediction accuracy based on the prediction scores of test compound--target pairs over the five separate experiments. Note that only the compounds were split into training and test sets, and target proteins were common.

We evaluated prediction performance using the receiver operating characteristic (ROC) curve, which is a plot of true--positive rates as a function of false--positive rates, and the precision--recall (PR) curve, which is a plot of precision (positive predictive value) as a function of recall (sensitivity). We summarized performance using the area under the ROC curve (AUC) score, where 1 is perfect inference and 0.5 is random inference, and the area under the PR curve (AUPR) score, where 1 is perfect inference and the ratio of positive examples in the gold standard data is random inference.

[Table 1a](#t1){ref-type="table"} shows the AUC and AUPR scores for the common data, obtained in the cross-validation experiment where the common data consisted of 391 compounds. We used the genes (L1000 genes) for the comparison between CMap and LINCS. The AUC and AUPR scores obtained using LINCS were slightly lower or almost the same as those obtained using CMap. These results suggest that the quality of the gene expression data present in LINCS is almost the same as that for the data present in CMap for the same compounds.

[Table 1b](#t1){ref-type="table"} shows the AUC and AUPR scores for the merged data, obtained in the cross-validation experiment, where the merged data consist of 3,767 compounds and the prediction scores of compounds for which gene expression data were unavailable were set to zero. The AUC and AUPR scores obtained using LINCS were much higher than those obtained using CMap. These results suggest that the higher coverage of gene expression data in LINCS leads to better performance for compound target prediction.

We compared the performance of similarity searches performed using two different strategies. The "same cell line-matching" strategy worked better than the "different cell line-matching" strategy. This implies that chemically-induced gene expression has cell-specific features as well as features common to all cells. The integration of the two matching strategies did not make a difference, as shown in [Supplementary Tables S1 and S2](#S1){ref-type="supplementary-material"}. Thus, we applied the same cell line-matching strategy for further analyses.

To examine the robustness of the results, we tested the use of different data preprocessing procedures in the construction of gene expression signatures. For example, we compared the performance of two normalization procedures used to construct gene expression profiles: the "biological control" normalization procedure[@b8] and the "mean centering" normalization procedure[@b17]. The biological control normalization procedure worked slightly better than the mean centering normalization procedure in the both cases ([Table 1](#t1){ref-type="table"}). Thus, we used the gene expression signatures constructed using the biological control normalization procedure in the following experiments.

Next, we tested the top to bottom gene selection procedure using only genes displaying large changes in expression[@b12][@b13][@b17][@b18][@b19][@b20], but were not able to confirm that there were significant differences between the "top50","top100", and "all" results ([Supplementary Tables S1 and S2](#S1){ref-type="supplementary-material"}). We also examined the effect of using different time points after compound treatment (6 h and 24 h) to assess gene expression, but there was no significant difference in the performance of target protein prediction, as shown in [Supplementary Tables S1 and S2](#S1){ref-type="supplementary-material"}. Thus, we used expression data for all genes obtained 6 h after compound treatment in the following analyses.

We performed the same analysis based on tissue types as well as cell lines. We constructed compound-induced gene expression profiles for each tissue type, where cell lines from the same tissue are averaged. We summarized the corresponding cross-validation results for target prediction in [Supplementary Table S3](#S1){ref-type="supplementary-material"}. The same tendency was observed. There was little difference of accuracy between cell lines and tissue types.

Large-scale prediction of potential target proteins and new therapeutic indications
-----------------------------------------------------------------------------------

We made a comprehensive prediction of unknown target proteins of 16,268 compounds for which gene expression data were available in LINCS. We used all known compound--protein interactions as learning data and predicted new compound--protein interactions. [Supplementary Fig. S7](#S1){ref-type="supplementary-material"} shows a Venn diagram of the overlap of the results between LINCS-based prediction and CMap-based prediction, where the upper 5th percentile of the prediction score distribution was used as a threshold. The LINCS-based prediction with the same cell line-matching strategy provided 1,776,734 new compound--protein interactions (involving 7,007 compounds and 2,275 proteins), while the CMap-based prediction provided 82,119 new compound--protein interactions (involving 655 compounds and 1,318 proteins). The LINCS-based method provided a larger number of newly predicted compound--protein pairs than the CMap-based method, which was expected because LINCS covers a larger number of cell lines and compounds ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}).

Next, we made a comprehensive prediction of unknown therapeutic indications of 16,268 compounds based on the results of predicted compound targets. [Supplementary Fig. S8](#S1){ref-type="supplementary-material"} shows a Venn diagram of the overlap of the results obtained using LINCS-based and CMap-based predictions. The LINCS-based prediction with the same cell line-matching strategy provided 76,788 new compound--disease associations (involving 4,146 compounds and 250 diseases), while the CMap-based prediction provided 3,340 new compound--disease associations (involving 361 compounds and 191 diseases). The LINCS-based prediction provided a much larger number of new compound--disease pairs than the CMap-based prediction.

We examined the results of the prediction for approved drugs, which was a subset of the compounds used in this study. [Figure 5](#f5){ref-type="fig"} shows the distributions of drugs repositioned from the original disease class to other disease classes based on compound transcriptional similarity, where diseases were classified using the ICD-10 disease classes, referred to as "ICD chapter"[@b27]. The detailed numbers of repositioned drugs are shown in [Supplementary Tables S4 and S5](#S1){ref-type="supplementary-material"}, respectively. [Figures 5a and b](#f5){ref-type="fig"} show the distribution of repositioned drugs between different ICD chapters using the CMap-based and the LINCS-based predictions, respectively. The CMap-based prediction resulted in the largest number of drugs possibly repositioned from chapter I (certain infectious and parasitic diseases) to chapter VI (diseases of the nervous system) and *vice versa*, followed by the possible drug repositioning from chapter I (certain infectious and parasitic diseases) to chapter X (diseases of the respiratory system) and *vice versa*. In contrast, the LINCS-based prediction resulted in the largest number of drugs possibly repositioned from chapter I (certain infectious and parasitic diseases) to chapter II (neoplasms) and *vice versa*, followed by the possible drug repositioning from chapter I (certain infectious and parasitic diseases) to chapter IV (endocrine, nutritional, and metabolic diseases) and *vice versa*. These are not the only differences between the CMap-based and LINCS-based prediction results. As clearly shown in [Fig. 5](#f5){ref-type="fig"}, the LINCS-based prediction provided potential new therapeutic indications for a wider range of diseases, which may result in practical applications for drug repositioning. Thus, we analyzed the results obtained using only the LINCS-based method below.

Biological interpretations of the drug--protein--disease network
----------------------------------------------------------------

[Figure 6](#f6){ref-type="fig"} shows a small part of the drug--protein--disease network consisting of newly predicted drug--protein interactions and therapeutic indications. We examined the drug--protein--disease relationships that were predicted only by our proposed method (that were not predicted by the previous methods). We discuss several examples of the prediction results for highlighted drugs in [Fig. 6a, b and c](#f6){ref-type="fig"}.

[Figure 6a](#f6){ref-type="fig"} shows examples of target proteins predicted for loratadine (D00364), which is a marketed anti-histamine (see [Supplementary Fig. S9a](#S1){ref-type="supplementary-material"} for more details). Loratadine was predicted to interact with interleukin 3 (IL3; hsa:3562) based on its transcriptional similarity (score = 0.838) with amlexanox (D01828), where both gene expression signatures were obtained from the A375 cell line derived from a melanoma. These two drugs are different in terms of both efficacy and chemical structure. Although both drugs are anti-allergic drugs, loratadine is an anti-histamine and amlexanox is a chemical mediator release inhibitor. The chemical structure similarity score of the two drugs is only 0.170. Nevertheless, these two drugs have some downstream effects in common: loratadine acts as a histamine H1-receptor antagonist and inhibits the secretion of IL3[@b28], whereas amlexanox inhibits the release of mediators such as histamine[@b29], which plays a central role in allergic reactions[@b30], and also inhibits IL3, which stimulates the release of histamine[@b31]. Therefore, the predicted interaction is quite likely to occur. In fact, we were able to confirm the validity of the interaction in the literature[@b28]. Our pathway enrichment analysis identified the Fc*ε*RI signaling pathway (hsa04664), which is known to be a major pathway in an allergic reaction, as a pathway in which the genes were inactivated. This result suggests that differently categorized anti-allergic drugs have similar gene expression patterns and the same allergy-associated pathways.

[Figure 6b](#f6){ref-type="fig"} shows examples of target proteins predicted for rosiglitazone (D08491), which is a marketed anti-diabetic (see [Supplementary Fig. S9b](#S1){ref-type="supplementary-material"} for more details). Rosiglitazone was transcriptionally similar to thalidomide (D00754), which is used to treat multiple myeloma. These two drugs induced similar gene expression patterns (score = 0.732), although they differ in chemical structure (score = 0.306). The transcriptional similarity score was calculated based on gene expression signatures in the promonocytic leukemia NOMO1 cell line. The NOMO1 cell line was available only in LINCS, so this prediction was not possible using CMap. Using independent resources, we were able to confirm the validity of the interaction between rosiglitazone and NFKB1[@b32] and also the inhibition of NFKB1 activity by thalidomide[@b33], which leads to the prevention of diabetic retinopathy in diabetic rats[@b34]. These results suggest that rosiglitazone may have anti-inflammatory and anti-cancer effects, in addition to its known ability to decrease blood sugar levels.

[Figure 6c](#f6){ref-type="fig"} shows an example of the target proteins predicted for phenothiazine (D02601), an anthelmintic and an anti-psychotic drug (see [Supplementary Fig. S9c](#S1){ref-type="supplementary-material"} for more details). Phenothiazine was predicted to interact with the androgen receptor (AR; hsa:367) based on its transcriptional similarity with enzalutamide (D10218), which is marketed for the treatment of prostate cancer and is known to interact with AR. Although the two drugs are chemically dissimilar (score = 0.077), they induced similar gene expression signatures (score = 0.905) in the HCT116 cell line. In fact, enzalutamide antagonizes AR to inhibit the androgen-induced proliferation of metastatic, castration-resistant prostate cancer cells, and enzalutamide induces apoptosis for prostate cancer cells in which AR is highly expressed[@b35]. As shown in [Supplementary Fig. S9d](#S1){ref-type="supplementary-material"}, the apoptosis pathway was detected for both enzalutamide and phenothiazine. These results suggest that phenothiazine might work for prostate cancer in a similar manner to that of enzalutamide.

Experimental validation by an *in vitro* cellular assay
-------------------------------------------------------

We performed an *in vitro* cellular assay to experimentally test the prediction that phenothiazine inhibits AR. In this set of experiments, HEK293 cells were transformed with the plasmids used in the GAL4 assay system of Phenex Pharmaceuticals AG. In these cells, interaction with the androgen receptor is coupled to the production of *Photinus pyralis* luciferase. When run in agonist mode, higher luminescence is observed at higher agonist concentrations, whereas in the antagonist mode, lower luminescence is observed at higher antagonist concentrations.

[Figure 7a and b](#f7){ref-type="fig"} show the dose response curves of phenothiazine from the assay run in agonist and antagonist modes, respectively. It was observed that phenothiazine had a strong antagonistic effect, yielding an IC50 of 3.6 *μ*M. The percentage of activity decreased from approximately 35% to 5%. No strong effects were observed for the other drugs (see [Supplementary Fig. S10](#S1){ref-type="supplementary-material"}). These experimental results validate the prediction that phenothiazine inhibits signal transduction through the androgen receptor and may, therefore, be useful for the treatment of prostate cancer.

Discussion
==========

In this paper, we proposed a novel computational approach for elucidating the modes of action of bioactive compounds from large-scale chemically-induced transcriptome data acquired from LINCS. This approach makes it possible to predict active pathways, target proteins, and therapeutic indications in a seamless manner. The originality of the approach lies in a similarity search that is based on cell-specific transcriptional similarity, in its ability to make simultaneous predictions of thousands of candidate target proteins and candidate disease indications, and in its lack of dependence upon compound chemical structures. We demonstrated the usefulness of the proposed approach in terms of prediction coverage, interpretability, and large-scale applicability. The proposed approach is expected to be useful for drug discovery and drug repositioning.

Drug discovery is facilitated by a deep understanding of the modes of action of candidate drug compounds. Phenotype-based high-throughput screening (PHTS) is useful for finding candidate drug compounds that have a desired phenotype. However, the underlying molecular mechanisms employed by hit compounds identified by PHTS remain unknown, and considerable effort is usually required to identify the target proteins associated with the phenotype. Obtaining information on the mechanisms of drug action (e.g., the primary target, off-targets, and pathway activities) can help to infer potential therapeutic effects or side effects. Cellular transcriptomic responses give us mechanistic insights into the modes of action of bioactive compounds, so the proposed approach will help researchers to efficiently predict the phenotype-associated target proteins of drug candidate compounds. In this study, we focused on the use of compound-induced gene expression data for mechanistic insights. Most chemoinformatics methods for target prediction are based on compound chemical structures (e.g., QSAR). However, it is impossible to obtain the information on the mechanism. It is also difficult to predict compound--target interactions that could not be expected from compound chemical structures. If compounds in the learning set were biased, predictable target proteins would also be biased.

During the pathway enrichment analysis, we focused on genes that were upregulated or downregulated genes by chemical perturbation, and identified pathways in which upregulated and downregulated genes were significantly enriched. Although the target proteins of numerous bioactive compounds (including approved drugs) have not been identified yet, the proposed method can suggest pathway activities triggered by the compound target, which might yield clues for identifying the target proteins related to the observed phenotype. However, the performance of the method depends heavily on the quality and coverage of biological pathways and the threshold values for determining upregulated and downregulated genes. In this study, we extracted the top and bottom 5% of genes as upregulated and downregulated genes, respectively, but the choice of an appropriate threshold value is an important area for future work.

We addressed the problem of using various cell lines in the analysis of chemically-induced transcriptome data. As shown in [Fig. 1](#f1){ref-type="fig"}, each cell line has specific gene expression patterns; thus, there is a need to distinguish gene expression signatures between various cell lines. It has been difficult to obtain gene expression profiles from the same cell line between different compounds, but LINCS resource covers a large number of cell lines (68 cell lines in this study). This means that LINCS is a valuable and comprehensive transcriptome resource. In fact, the prediction results were more reliable when analyzing gene expression signatures obtained from the same cell line, suggesting the importance of appropriately selecting cell lines. This knowledge will contribute to the policy for consolidating more comprehensive transcriptome databases in the future.

It is shown that LINCS has superiority over CMap in terms of data coverage, but there are weak correlation of gene expression signatures between CMap and LINCS. [Supplementary Fig. S11](#S1){ref-type="supplementary-material"} shows histograms displaying the similarity of transcriptional responses obtained for the same compounds and the same cell lines (i.e., MCF7 and PC3) using data from CMap and LINCS. The similarity scores of some compounds were relatively high, but most similarity scores were distributed around 0.0. This observation might stem from differences in the experimental technologies used to measure transcript levels (i.e., microarray for CMap and flow cytometry for LINCS). A limitation of the method in this study is that it cannot distinguish whether compound--target interactions result in activation or inhibition. The integrative use of genetically perturbed gene expression data (e.g., gene knockdown, gene overexpression) would be a promising approach to improve the reliability of the methods.

Methods
=======

Chemically perturbed transcriptome data from LINCS
--------------------------------------------------

Gene expression profiles from the LINCS project were obtained from the Broad Institute's website (<http://www.lincscloud.org>). This project is based on 77 human cell lines and various cellular perturbations, including compound treatment, gene knockdown, gene overexpression, and several more interventions. In this study we used the data from the 68 cell lines used in compound treatment experiments. Gene expression levels were measured using flow cytometry[@b36], and test samples were prepared using 384-well plates. LINCS provides 978 landmark genes called "L1000 genes." Out of 978 landmark genes in this study, 614 genes are essential genes according to the DEG database[@b37]. The expression levels of these landmark genes were experimentally measured[@b21]. The expression levels of the remaining genes (approximately 21,000 genes) were estimated using a computational model based on the Gene Expression Omnibus[@b38]. The gene expression values for the landmark genes were used in this study.

Gene expression levels were measured at 6 h, 6.4 h, 24 h, 24.4 h, and 48 h after compound treatment. Each gene expression profile was filed using its "distil_id." The total number of profiles was 1,328,098. We first selected 663,594 compound treatment profiles (denoted "trt_cp" in the information) and 28,557 control profiles (denoted "ctl_vehicle"). We determined the correspondence between the compound treatment profiles and the control profiles by comparing their "distil_ids." We excluded gene expression profiles that lacked corresponding control profiles. The name of each compound was converted into its corresponding InChIKey (<http://www.iupac.org/home/publications/e-resources/inchi.html>) via the perturbation ID using the information provided in LINCS, which yielded the gene expression profiles of 71 cell lines treated with 20,122 bioactive compounds. In this study, we used the gene expression profiles, measured at 6 (6.4) h, of 68 cell lines treated with 16,268 bioactive compounds.

Chemically perturbed transcriptome data from CMap
-------------------------------------------------

Gene expression profiles in CMap (build 02) were obtained from the Broad Institute's website (<http://www.broadinstitute.org/cmap>). CMap contains 7,056 profiles based on five cell lines treated with 1,309 compounds. Gene expression levels were measured at 6 h after compound treatment. The gene expression profiles of 22,277 genes were experimentally measured using microarray technology. We selected some profiles measured using the HT_HG-U133A platform and the human cell lines MCF7 (breast adenocarcinoma), PC3 (prostate cancer), and HL60 (promyelocytic leukemia). The name of each compound was converted into its corresponding InChIKey via ChemBank[@b39], which yielded the gene expression signatures of 1,133 chemical compounds. We also prepared gene expression profiles consisting of the 978 landmark genes (L1000 genes) from LINCS[@b21] to enable comparisons between CMap and LINCS.

Chemically perturbed transcriptome data from TG-GATEs
-----------------------------------------------------

Gene expression profiles in TG-GATEs were obtained from the Toxicogenomics Project (TGP) of Japan (<http://toxico.nibio.go.jp/english/>). TGP is based on only 170 compounds and one primary hepatocyte *in vitro* (rat or human). The name of each compound was converted into its corresponding InChIKey, which yielded the gene expression signatures of 157 compounds.

Construction of gene expression signatures
------------------------------------------

In the present study, we constructed chemically-induced gene expression profiles, which we call "gene expression signatures" or "signatures" for short. A gene expression signature is a high-dimensional feature vector in which each element is defined as the logarithmic ratio of the gene expression value measured after compound treatment to that measured in the corresponding control condition. In LINCS, gene expression profiles denoted by "Level 3" and "Level 4" are available. Level 3 data consist of profiles generated using invariant-set scaling and quantile normalization. Level 4 data consist of profiles generated using robust z-scores relative to population controls generated with the average over all other wells on the 384-well plate.

We applied two types of normalization procedures: "biological control" and "mean centering." During "biological control" normalization, a gene expression signature was constructed based on the logarithmic ratio of the compound treatment profile to the biological control profile[@b8]. Then, it was centered to have a mean of zero and scaled to have standard deviation of one. For the LINCS data, we used Level 3 data. For the CMap data, we applied the Robust Multiarray Average (RMA)[@b40] method to the original data in Affymetrix CEL file format.

During "mean centering" normalization, a control profile was prepared by averaging compound treatment profiles measured under the same biological control conditions, which is referred to as the averaged control profile. A gene expression signature is constructed based on the logarithmic ratio of the compound treatment profile to the averaged control profile. Then, it was centered to have mean zero and scaled to have a standard deviation of one. The mean centering normalization procedure is known to reduce batch effects in CMap[@b17]. In the case of LINCS, we used Level 4 data, because a similar approach was applied to Level 4 data generation.

We represented the gene expression signature of each compound with a feature vector as , where *d* is the number of features and the number of features is identical to the number of genes. For each cell line, the same compound has multiple signatures based on various concentrations and different time points. In this study, multiple signatures were integrated into a single signature by averaging the signatures, and 6.4 h and 24.4 h were regarded as 6 h and 24 h, respectively.

Top to bottom gene selection from signatures
--------------------------------------------

Small variations in gene expression values may be noise. The use of the expression ratios only for top-ranked and bottom-ranked genes has been proposed in previous studies[@b12][@b13][@b17][@b18][@b19][@b20]. The expression ratios of the remaining genes were assigned values of zero. We tested using top 50 and bottom 50 ranked genes, the top 100 and bottom 100 ranked genes, and all genes, which are referred to as "top50", "top100", and "all", respectively.

Chemical structures
-------------------

The chemical structures of the compounds were obtained from ChEMBL[@b41], and were represented by their KEGG Chemical Function and Substructures (KCF-S) descriptors[@b42]. Each compound was coded by a high-dimensional feature vector, in which each element indicates the frequency of a feature defined by KCF-S (i.e., chemical substructures). The number of features was 475,692. We computed chemical structure similarity scores of compounds using the generalized Jaccard correlation coefficient. Note that the original Jaccard coefficient (Tanimoto coefficient) can only treat binary vectors (fingerprints).

Chemical--protein interactome
-----------------------------

Compound--protein interaction data were acquired from seven databases: ChEMBL[@b41], MATADOR[@b43], DrugBank[@b44], the Psychoactive Drug Screening Program Ki[@b45], KEGG[@b24], the Binding DB[@b46], and the Therapeutic Target Database[@b47]. For the ChEMBL data, we selected only compound--protein interaction pairs that were clearly denoted as active interactions or with binding affinities of \<30 *μ*M (e.g., IC50), which yielded 1,287,404 compound--protein interactions involving 519,061 compounds and 3,735 proteins. This dataset is referred to as "chemical--protein interactome data". Out of 3,735 genes of target candidate proteins in this study (predictable target proteins), 1,813 genes are essential genes according to the DEG database[@b37].

To evaluate the performance of compound target prediction, we prepared two benchmark datasets: common data and merged data. Common data consisted of compound--protein interactions involving compounds common to CMap and LINCS. This dataset is comprised of 391 compounds, 1,377 target proteins, and 7,686 interacting pairs. Merged data consisted of compound--protein interactions involving chemical compounds in CMap or LINCS. This dataset is comprised of 3,767 compounds, 2,419 target proteins, and 38,129 interacting pairs.

Therapeutic indications
-----------------------

Therapeutic indications can be regarded as drug--disease associations. Drug--disease association data were obtained from medical books[@b48] and KEGG DISEASE[@b24]. Diseases defined in ICD-10 were used in this study. In total, 5,606 drug--disease associations involving 2,266 drugs and 461 diseases were obtained.

Pathway enrichment analyses
---------------------------

Pathway enrichment analyses of upregulated and downregulated genes were performed following the procedures used in previous studies for different biological problems[@b49][@b50]. We used the 163 biological pathways in the following categories in KEGG: Metabolism (except for Global and overview maps), Environmental Information Processing (except for Membrane transport and Signaling molecules and interaction), Cellular Processes (except for Transport and catabolism), and Organismal Systems. To perform the analysis, we used the genes ranked in the top 5% and the bottom 5% of genes. We analyzed not only interactome compounds (of known targets) but also other compounds (of unknown targets) for which gene expression data are available.

Let *G*~compound~ denote a set of upregulated or downregulated genes in a signature induced by a compound, and let *G*~pathway~ denote a set of genes in a pathway map. Further, let *r* = ~compound~\|, *k* = \|*G*~pathway~\|, *z* = \|*G*~compound~ ∩ *G*~pathway~\| and *l* the total number of genes in the entire dataset (*l* = 978). We assumed that *z* follows a hypergeometric distribution. The probability of observing an intersection of size *z* between *G*~pathway~ and *G*~compound~ is computed as follows:

The resulting *P*-values were corrected using the false discovery rate (FDR)[@b51].

Target protein prediction
-------------------------

We predicted which proteins are potential targets of query compounds using a similarity search based on gene expression signatures and large-scale chemical--protein interactome data. Compounds and proteins included in the chemical--protein interactome data are referred to as interactome compounds and interactome proteins, respectively. The details of the similarity search are described in the next section.

A query compound is represented by the feature vector and each interactome compound is represented by the feature vector , where is the number of genes. Each interactome compound is represented by a target-protein interaction profile , where indicates the presence or absence of an interaction with the *k*th protein by 1 or 0 (), and *p* is the number of interactome proteins.

First, we compute pairwise similarity scores for all pairs between a given query compound and all of the interactome compounds in our chemical--protein interactome data. Second, from the interactome compounds known to interact with the *k*th protein (), we select an interactome compound with the highest similarity to the query compound and use the corresponding similarity score as a prediction score to assess the possibility that the query compound interacts with the *k*th protein. Third, we repeat this procedure for all *p* interactome proteins and assign the prediction scores to compound--protein pairs (pairs between the query compound and all interactome proteins). Finally, high scoring compound--protein pairs are predicted as candidates for interaction pairs.

Cell-based similarity search
----------------------------

The transcriptional similarity between two gene expression signatures ***X*** and is calculated using the Pearson correlation coefficient as follows:

where and represent the means of the gene expression values in vectors ***X*** and , respectively.

Because gene expression data differ from cell line to cell line, we propose a cell-based similarity search based upon the following two strategies. In the first strategy, called same cell line-matching, we calculated the transcriptional similarity score between a query compound and an interactome compound based on the same cell lines as follows:

where is an operation to take the maximum value and *n* is the number of cell lines. In practice, gene expression data are not always available from the same cell line, so we also used the second strategy, called different cell line-matching. In the different cell line-matching strategy, we calculated the transcriptional similarity score between a query compound and an interactome compound based on different cell lines as follows:

We also tested the integration of the above two matching strategies, taking the maximal value between and , which we call "all cell line-matching strategy" (see [Supplementary Method](#S1){ref-type="supplementary-material"}).

Therapeutic indication prediction
---------------------------------

We predicted new therapeutic indications for query compounds based on the results of the compound--target interaction predictions. In advance, we prepared large-scale drug--disease association data. If the query compound has high transcriptional similarity with interactome compounds of known indications and shares the same target proteins with the interactome compounds, the query compound is predicted to have the same therapeutic indications as the most similar compound. The prediction scores for compound--disease associations are assigned the same prediction scores as the associated compound--protein interactions. We used the prediction scores as weights on newly predicted links in the drug-target-disease network. Highly weighted links correspond to strong links (high-confidence prediction).

*In vitro* cellular assay
-------------------------

An *in vitro* cellular GAL4 gene reporter assay was performed by Phenex Pharmaceuticals AG. Phenothiazine (Sigma-Aldrich, \#46624) was tested against the human androgen receptor (AR). The assay was performed in two modes, agonist and antagonist. In the agonist mode, higher levels of luminescence were observed for higher concentrations of agonists, whereas in the antagonist mode, lower levels of luminescence were observed for higher concentrations of antagonists. The compounds were tested at 10 concentrations in triplicates. The solutions of the compounds were freeze/thawed three times and stored at −20 °C in dimethyl sulfoxide (DMSO).

HEK293 cells (DSMZ ACC 305) were transformed with the plasmids used in the Phenex GAL4 assay system. The plasmids were derivatives of the Stratagene M2H reporter plasmid; the reporter plasmids were a modified pFR-Luc, containing a synthetic promoter with two tandem repeats of the yeast GAL4-binding sites that control the expression of the *Photinus pyralis* luciferase gene, and pCMV-BD. For the AR-binding assay, a plasmid constitutively expressing a PGC1*α* fragment was also used to obtain reasonable assay quality. A second reporter (pRL-CMV), with *Renilla reniformis* luciferase driven by a constitutive promoter, was also used to improve the accuracy of the experiments.

The *Photinus* luciferase activity value was divided by the *Renilla* luciferase activity value and multiplied by 1,000 (the resulting value is denoted as "RENnorm"). RENnorm was calculated for each well and used for the calculation of percent activity values as follows:

where and represent the median values for DMSO vehicle (; negative control) and a reference compound (; positive control), respectively, calculated per assay plate. The activity in the negative control wells (DMSO vehicle only) equals to 0%, and that in the positive control wells (saturating concentration of a reference compound) equals to 100%. The reference compounds were dihydrotestosterone (C03917) and bicalutamide (D00961) for the agonist and antagonist modes, respectively.

The R package drc[@b52] was used to calculate the dose response curves and EC50/IC50 values using a three-parameter logistic function. To draw a dose response curve for triflupromazine hydrochloride, it was necessary to exclude the data point generated at the highest concentration (100 *μ*M).
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![Clustering of cell lines using transcriptional similarity scores between control profiles in LINCS.\
Individual cell lines are indicated by different colors, and cell lines obtained from the same tissue are indicted by similar colors. Dendrogram (**a**) shows the result of clustering 957 control profiles. Dendrogram (**b**) shows the result of clustering 68 cell lines, where multiple control profiles are averaged over the same cell line. Black arrows indicate cell lines also present in CMap.](srep40164-f1){#f1}

![Overview of the proposed approach.\
(**a**) Identification of active pathways, (**b**) prediction of potential target proteins, and (**c**) prediction of new therapeutic indications.](srep40164-f2){#f2}

![Distribution of the identified pathways.\
(**a**) The histogram of detected pathways by the result of analyzing all compounds, where the horizontal axis indicates the list of biological pathways and the vertical axis indicates the frequency of detected pathways. (**b**) The histogram of the numbers of detected pathways for each compound, where the horizontal axis indicates the number of detected pathways for each compound and the vertical axis indicates the frequency of compounds. Red bars indicate the numbers of activated pathways, identified using upregulated genes, and green bars indicate the numbers of inactivated pathways, identified using downregulated genes. The pathways found in the KEGG categories Metabolism, Environmental Information Processing, Cellular Processes, and Organismal Systems are colored blue, red, green, and purple, respectively.](srep40164-f3){#f3}

![Distribution of drug classifications according to the biological pathways that they activate (top) and inactivate (bottom).\
The dendrogram shows the result of clustering pathways according to their similarities of the drug classifications. The fraction of drugs in a particular classification that affect each pathway is represented by the intensity of color in the appropriate box. The boxes are arranged according to the first level of the Anatomical Therapeutic Chemical classification system (ATC code). Drugs are assigned the following ATC codes: code A: alimentary tract and metabolism; code B: blood and blood-forming organs; code C: cardiovascular system; code D: dermatologicals; code G: genitourinary system and sex hormones; code H: systemic hormonal preparations, excluding sex hormones and insulins; code J: anti-infectives for systemic use; code L: anti-neoplastic and immunomodulating agents; code M: musculo-skeletal system; code N: nervous system; code P: anti-parasitic products, insecticides and repellents; code R: respiratory system; code S: sensory organs; and code V: various.](srep40164-f4){#f4}

![Distribution of drugs repositioned from the original disease class to other disease classes using transcriptional similarity based on CMap (**a**) and LINCS (**b**).\
Nodes (green diamonds) represent the ICD disease chapters; they are shown with chapter number and short chapter name. Edges (blue lines) indicate potential correlations between diseases according to the transcriptional similarity of drugs. Node size indicates the sum of the edges of each node. Edge width indicates the number of drugs repositioned between two disease chapters. Chapter I: certain infectious and parasitic diseases (A00--B99); chapter II: neoplasms (C00--D48); chapter III: diseases of the blood, blood-forming organs, and certain disorders involving the immune mechanism (D50--D89); chapter IV: endocrine, nutritional, and metabolic diseases (E00--E90); chapter V: mental and behavioral disorders (F00--F99); chapter VI: diseases of the nervous system (G00--G99); chapter VII: diseases of the eye and adnexa (H00--H59); chapter VIII: diseases of the ear and mastoid process (H60--H95); chapter IX: diseases of the circulatory system (I00--I99); chapter X: diseases of the respiratory system (J00--J99); chapter XI: diseases of the digestive system (K00--K93); chapter XII: diseases of the skin and subcutaneous tissue (L00--L99); chapter XIII: diseases of the musculoskeletal system and connective tissue (M00--M99); chapter XIV: diseases of the genitourinary system (N00--N99); chapter XV: pregnancy, childbirth, and the puerperium (O00--O99); chapter XVI: certain conditions originating in the perinatal period (P00--P96); chapter XVII: congenital malformations, deformations; and chromosomal abnormalities (Q00--Q99); chapter XVIII: symptoms, signs, and abnormal clinical and laboratory findings not elsewhere classified (R00--R99); chapter XIX: injury, poisoning, and certain other consequences of external causes (S00--T98); chapter XX: external causes of morbidity and mortality (V01--Y98); chapter XXI: factors influencing health status and contact with health services (Z00--Z99); and chapter XXII: codes for special purposes (U00--U99).](srep40164-f5){#f5}

![A small part of the drug--protein--disease network predicted using the LINCS-based method.\
Three panels denoted to as (**a**--**c**) are examples of newly predicted target proteins of drugs (see [Supplementary Fig. S9](#S1){ref-type="supplementary-material"}). Blue circles denote drugs, red rectangles denote target proteins, green diamonds indicate diseases, and gray edges and red lines denote known interactions and newly predicted interactions, respectively.](srep40164-f6){#f6}

![Dose response curves of phenothiazine in the AR-binding assay run in (**a**) agonist and (**b**) antagonist modes.\
The horizontal axis represents the concentrations of phenothiazine on a logarithmic scale, and the vertical axis represents the percentages of phenothiazine activity. The open circles represent the data points from triplicate experiments.](srep40164-f7){#f7}

###### Evaluation of target protein prediction using common data (a) and merged data (b).

  a\. common data                                                                                                            
  -------------------------------- --------------------------- ------------------------- ----------------- -------- -------- --------
  **similarity search strategy**    CMap - Biological control                             LINCS - Level 3                    
  signature : all genes              signature : L1000 genes    signature : L1000 genes                                      
  AUC                                         AUPR                        AUC                  AUPR          AUC      AUPR   
  same cell line-matching                    0.8288                     0.1213                0.8310        0.1279   0.8203   0.1145
  different cell line-matching               0.8178                     0.1027                0.8283        0.1161   0.8099   0.0922
  **similarity search strategy**      CMap - Mean centering         LINCS - Level 4                                          
  signature : all genes              signature : L1000 genes    signature : L1000 genes                                      
  AUC                                         AUPR                        AUC                  AUPR          AUC      AUPR   
  same cell line-matching                    0.8261                     0.1228                0.8257        0.1248   0.8145   0.1115
  different cell line-matching               0.8176                     0.1036                0.8224        0.1179   0.8077   0.0992
  **b. merged data**                                                                                                         
  **similarity search strategy**    CMap - Biological control       LINCS - Level 3                                          
  signature : all genes              signature : L1000 genes    signature : L1000 genes                                      
  AUC                                         AUPR                        AUC                  AUPR          AUC      AUPR   
  same cell line-matching                    0.5648                     0.0232                0.5650        0.0241   0.8608   0.0985
  different cell line-matching               0.5640                     0.0206                0.5649        0.0228   0.8195   0.0505
  **similarity search strategy**      CMap - Mean centering         LINCS - Level 4                                          
  signature : all genes              signature : L1000 genes    signature : L1000 genes                                      
  AUC                                         AUPR                        AUC                  AUPR          AUC      AUPR   
  same cell line-matching                    0.5643                     0.0235                0.5643        0.0231   0.8517   0.0819
  different cell line-matching               0.5641                     0.0206                0.5645        0.0215   0.8245   0.0537
